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•;itlx  repeated  pin  .10  shod:  waves  In  n  . 'ioc.^  n  Is 
nv  );■  1:1  rated.  I'lio  11  libations  inker  nb  in  k  :i  ;  stub  and 
•'die  variables  that  lust  be  accounted  for  are  consibe  °od. 

-i  criterion  is  established  for  the  determination  of  tie 


•presence  of  significant  acoustical  streaming.  A  net  hod 
for  nensuriny  pea’:  alternating  velocities  is  postulated, 
ncpeci  cental  results  show  yood  agreement  with  theory  except 
for  the  alternating  boundary  layer  which  is  aooarently  not 
an  exa  role  of  simple  shear  flow. 
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1.  :.n':  oc '  vi  t  iou . 

Inv'  sti  -at  ion;,  in  bo  t  ,.uion  of  repeated  plan- 

shoe1:  saves  confine in  tub  or  have  revealed  a  lar  ~o  a  lount 
of  data.  In  general,  this  o;: •;crincnta.L  dr ta  has  failed 
to  ajreo  v;ith  air/  existing  theory  on  this  subject,  ho 
da te  ,  all  Imo v;n  i nv c s t i  a t  Ions  ho. v e  utilized  pres  cur e 
sensitive  instrument a t i on  which  has  shorn  a  progressive 
decrease  in  shod  intensity  as  the  shock  vave  traverses 
down  th  tube.  This  attenuation  appears  to  bo  sensitive 
to  bo  tlx  frequency  and  tube  radius,  bince  there  exists  no 
satisfactory  theory  to  su.bstant.iate  quantitatively  this 
observed  attenuation  and  as  the  probability  of  obtaining 
.lore  revealing  data  from  pressure  measurements  seems 
sliaht,  this  experi  lent  was  conceived.  The  main  purpose 
of  v;hich  is  to  invostiyate  the  feasibility  of  .aoplyin, 
hot-wire  ane.iO  retry  to  deter., line  the  nature  of  particle 
velocity,  near  the  wall  of  the  tube,  during  the  passage 
of  the  shoe1:  wave. 

It  is  anti cap- xtod  that  such  an  approach  will 
eventually  reveal  acoustic  streamin'.;  if  it  o::icts, 
t  urbulence,  the  natur  of  the  boundary  layer  ne--r  the  wall, 
and  within  11  sited  accuracy,  the  actual  velocities. 
Information  .mined  by  this  technique  will  omtend  r  .sent 
’scowled  e  of  repeated  finite  piano  shock  waves  nd  when 
combined  with  prior  laiowlodge  may  well  load  to  a  workable 
theory  that  will  oermit  the  study  of  infinite  repeated 
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oc'  vo.ves  bo  be  co-  v.cfcot'  tirn’ei*  t^e  coubvollc  • 
boraborv  conditions  that  a  .shook  bubo  ore  video, 
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2 ,  Characteristics  of  Ae  cated  dliocl:  weaves. 

Unlike  single  shock  waves  (as  'generated  by  oxplos'.ons, 
nuclear  blasts,  etc.)  which  propagate  with  greater  than 
acoustic  velocity,  repeated  shock  waves  travel  with 
approxi  mately  the  normal  sreod  of  sound.  The  repeated 
shock  wave  has  a  sawtooth  forma  and  is  stable  except  for  a 
gradual  attenuation  in  amplitude  as  it  progresses  further 
fro  .1  its  source. 


The  sawtooth  form  of  the  shock  wave  is  produced  by 
distortion  of  a.  large  a  roll  tude  sound  wave.  If  this  wave 
has  sufficient  amplitude,  it  will  develop  into  a  shock 
wave  regardless  of  its  initial  form.*  This  is  due  to  the 
fact  shat  the  crest  of  the  sound  wave  trav  Is  at  a  greater 
velocity  than  the  trough.  The  initial  wave  fori 
progressively  distorts  finally  becoming  a  sawtooth  wave  at 
which  point  the  shock  front  is  fully  developed,-  This 
progress  is  shown  in  Fig.  1  for  an  initial  sine  wave  form* 
The  distortion  of  a  high  amplitude  sound  wave  into  a  shock 
wave  can  easily  be  observed  using  a  pres; ure  sensitive 
probe  or  microphone  and  an  oscilloscope  to  detect  the 
sound  wave  as  it  is  propagated  down  the  tube.  At  the 
beginning  of  the  tube  the  normal  wave  form  is  observed: 


further  along  the  tube  the  sound  wave  form  becomes  distorted 
in  the  direction  of  a  sawtooth  form,  finally,  at  some 
further  portion  of  the  tube  the  shock  front  is  fully 
dove lor ed  and  a  sawtooth  form  is  observed. 
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Figure  1.  Developement  of  Sawtooth  Wave 
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f  h  a  ‘  -  tlal  theory  for  the  use  of  not  wire  an-  .o. .try 
for  the  determination  of  particle  volocJ  by  cat;  performed 
by  King  CO.  The  response  equations  Q  >  73  have  been 
developed  from  initial  theory  and  are  based  on  the 
conservation  of  energy.  The  difference  between  the  rate 
of  heat  input  to  the  wire  and  the  rate  of  heat  loss  of  the 
wire  to  the  moving  fluid  can  be  equated  to  the  rate  of 
change  of  stored  thermal  energy  in  the  wire. 

W  -  H  =  G  ( dTv;/dt  j  (1) 

where : 


V#  =  Heat  innut  to  wire  per  unit  time 
* 

H  =  Heat  loss  of  wire  per  unit  time 
C  -  Heat  capacitance  of  wire 
If  Rv;  is  the  wire  resistance  at  a  temperature  Tv/  in 


°C  and  "i"  is  the  heating  current,  then: 

,2T 


-  T  — -  q  *“  "T? 

■'  1  uw 


King  CO  expressed  the  heating  loss  as: 

H  =  L(TW  -  Ta)(k  +  V2  Tr  kdCp/ou  ) 

where : 


(2) 

(3) 


L  =  length  of  wire 
TY;-  =  temperature  of  wire  in  °C 
Ta  -  temnerature  of  air  in  °C 
k  =  thermal  conductivity  of  wire 
Cp  =  specific  heat  of  fluid 
/O  -  density  of  fluid 
6 


=  da.  icter  of  wire 
v  =  velocity  of  fluid 

By  defining: 

A  =  kL 

B '  =  L  V2  irkdc,-. 

Kind's  expression  for  the  heating  loss  becomes: 

H  =  ( Tv;  -  Ta)(A  +  b'^^u  )  (l|.) 

A  simplification  for  the  study  of  fluid  motion  where 
equilibrium  can  be  assumed  allows  C(dTv;/dt)  to  equal  zero. 
Therefore : 


W  -  H  -  0 

or  i2Rw  =  (Tw  -  Ta)(A  +  b’I^T  )  {$) 

Unfortunately  however/  due  to  the  rapidity  o-f  the 
variations  in  temperature,  pressure,  and  fluid  velocity 
under  repeated  plane  shock  waves  equilibrium  conditions 
do  not  occur.  Therefore  Kind’s  expression  must  remain  as: 
i2Rw  -  (Tv/  -  Ta)(A  +  b'I^u  )  =  C(dTw/dt)  (6) 

The  major  difficulty  that  exists  in  applying  hot-wire 
anemone  try  to  this  study  is  the  inherent  lag  between  the 
response  of  the  wire  to  a  velocity  change  and  the  velocity 
change*  In  previous  applications  of  hot-wire  anemometers 
Cl,  2, 6, 90  ,  proper  electronic  compensation  was  introduced 
into  the  amplifier.  The  usage  of  this  method,  has  proven 
very  satisfactory  in  turbulent  flow  fields  where  the 
variations  in  flow  were  minor  as  compared  to  the  steady 
flow  field.  A  more  recent  determination  C/9  of  wire  time 
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state  conditions 


cone bant  for  Inr  -o  transients  ’ro  i  steady 
rovic.cs  a  nears  of  studyin  ;  single  chock  phenonena  C <0  • 
However  during  repeated  chock  waves  steady  flow  conditions 
are  non-existent. 

This  thesis  describes  a  method  of  determining  a 
qualitative  description  of  the  flow  field  in  the  tube, * 
which  may  be  extended  to  quantitative  knowledge  where 
applicable. 


o 


1. 


description  of  Equipment . 

'ho  equip  .loi'xt  sod  do  procuc  ^ho  hi  b  intensify 
sound  consists  of  a  19  horse  power*  e1  oc  brie  i.iotor  driving 
an  air  compressor,  capable  of  delivering  kOO  cubic  feet 
of  air  per  minute  at  pressures  up  to  approximately  I].  p s i /■ 

(7  pci  available  for  short  periods)  This  flow  of  air  is 
cut  by  an  electrically  driven  rotary  chopper  producing 
alternate  rarefactions  and  condensations  in  an  adjustable 
standing  wave  chamber.  An  exhaust  pipe  fitted  to  the 
standin  rave  chamber,  in  combination  with  the  plugged 
corn stream  end  of  the  propagation  tube,  eliminates  the  DC 
air  flow. 

Pig.  2  is  a  schematic  diagram  of  the  entire 
experimental  set-up. 

The  propagation  tube  is  a  jO  foot  section  of 
rectangular  seamless  steel  tubing  with  a  wall  thickness 
of  approximately  one-eighth  inch  and  with  inside  di tensions 
of  1-1  /Ip  by  2-3/k  inches.  The  downstream  end  of  the  tube  is 
plugged.  A  termination  consisting  of  the  last  eight  feet  of 
tubing;  was  filled  with  a  fiber-glass,  wedge-shaped  absorber 
to  reduce  reflections.  A  test  for  the  existence  of 
standing  waves  was  conducted  by  pressure  probing  every 
inch  of  a  two  foot  section  of  tube  immediately  upstream 
from  the  termination  section  and  every  foot  thereafter, 
with  an  Altec  21-BR-200  microphone.  Pressure  readings 
fro  :  each  station  when  plotted  against  distance  showed 
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sconce  >. 


e  of  inf .’nitesi  .ial  .agiii ;  ■  ■  do. 

'no  foot  fro  .1  the  un stream  end  of  the  tube  a  cut 


•..as  iabe  for  the  installation  of  plexiglass  sections. 

those  plexiglass  sections  were  ooen- ended  boxes,  constructs 

* 

of  one  half  inch  thich  plexiglass,  machined  to  nrovide 
incite  dimensions  identical  to  those  of  the  propagation 
tube.  Initially  the  idea  of  installing  a  separate  section 
via. 3  to  orovide  a  means  of  isolating  a  small  section  of  the 
prorogation  tube.  This  was  accomplished  by  installing 
diaphragms  at  both  ends  of  the  plexiglass  section  in  or.  er 
to  eliminate  the  acoustic  streaming  in  that  section  of  the 
pipe,  yet  still  allow  for  massage  of  the  shock  wave.  Thus, 
inside  this  section,  the  AC  velocity  components  would  be 
directly  available  to  us;  Plexiglass  was  selected  as  the 
material  for  the  construction  of  these  sections  because 
its  transparent  equalities  afforded  excellent  additional 
opportunities  for  direct  measurement  of  the  position  of 
the  hot-wire  probe  in  relation  to  the  surface  of  the  tube 
during  boundary  layer  investigations,  and  the  possibility 
of  OqUalitatively  determining  the  nature  of  the  flow  using 
smoke  particles  as  tracers. 

The  hot-wire  anemometer  wised  was  a  Shapiro  cz  ndwards 
Company,  racadena,  California,  constant  current  model, 
consisting  of  the  following  units: 

a.  ilot-j/ire  Anemometer  Amplifier,  idodel 
A-£OB 
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b.  Current  Control  xanoj,  o  e.e  1  C-50 

c.  io Distance  Brie  go,  ,.iot.ol  1-30 

d.  Potentiometer,  Model  i-gO.i 

e.  .lean  Square  Output  i.Ieter,  odel  -50 

f.  Square  .vave  Generator,  ilodel  C-5'0 

g.  Power  Supply  for  Amplifier  Model  A-^OB 
in  conjunction  with  the  above.  Flow  Corporation 

Probes  employing  platinum  filaments  of  approximately  0.05 
inches  in  length  and  0.0003  inches  in  diameter  were  used. 

Although  all  of  the  above  hot-wire  anemometer 
components  were  not  utilized  in  the  actual  measurements, 
all  are  necessary  for  the  setting  up  and  checking  oixt  of 
the  anemometer,  and  shall  thus  be  described  below-. 

The  Hot-Wire  Anemometer  Amplifier  is  a  low  noise, 
high  gain,  wide  band  amplifier.  Provisions  are  made  for 
checking  frequency  response  and  amplif ication  using  the 
associated  square  wave  generator.  Maximum  uncompensated 
gain  is  3,000y  when  fully  compensated,  2,300,000.  An  input 
selector  allows  selection  of  input  from  hot-wire  or 
squarewave  generator. 

The  Current  Control  Panel  permitted  adjustment  of 
wire  current  over  the  range  of  1  to  300  na.  An  incorporated 
meter  with  full  scale  ranges  of  10,  100,  and  1000  rna 
provides  initial  adjustment  of  the  hot-wire  current. 

The  Potentiometer  enabled,  the  voltage  or  the  current 
of  the  hot-wire  to  be  accurately  measured.  Voltage  ranges 
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arc  0.1,  1.0,  ant'  10  volts  full  scale.  Current  ranges  are 
0.01,  0.1,  and  1.0  amps  full  scale. 

The  Resistance  Bridge  has  a  range  of  0  to  120  ohms 
and  nay  be  used  to  measure  wire  resistance  while  the 
amplifier  is  in  use  without  introducing  noise  or  hum. 
Sensitivity  is  sufficient  to  enable  a  balance  with  only  1 
j'.ia  of  current. 

The  hean  Square  Output  lie  tor  is  a  sensitive 
lilli voltmeter  incorporating  a  mirror  scale  for  reading 
the  thermocouple  output  of  the  amplifier. 

The  Square  ..ave  Generator  is  a  self-contained,  battery 
operated,  transistor  type./  The  frequency  is  variable  and 
the  signal  can  be  used  to  check  frequency  response  to  the 
amplifier.  RIvlS  output  meter  and  precision  attenuation 
enable  accurate  gain  measurement.  Time  constant 
determination  of  a  given  wire  may  be  determined  utilizing 
a  series  of  switches  and  attenuators  to  superimpose  a 
square  mean  component  of  adjustable  amplitude  on  mean  wire 
current. 

A  Barium  Titanate  transducer  was  mounted  upstream 
from  the  hot-wire  orobe  to  verify  the  existence  of  a  shock 
wave  in  the  propagation  tube  and  to  monitor*  and  to  determine 
the  repetition  rate.  The  output  of  the  transducer  was 
amplified  by  a  Il.h.  Scott  decade  Amplifier  and  displayed 
on  a  Tektronix  pb.5  dual  trace  oscilloscope.  This  signal 
was  also  sent  to  a  Hewlett  Packard  [;00-D  Vacuum  Tube 
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Figure  2.  Schematic  Diagram  of  Experimental  Set-up 
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.  ' c .  •  >r.l  Jonc’uco  of  Investig  t  >n. 

m  uoct'on  Jj  of  this  report  the  follov.in  no.  -1  jkv 
oxvr  colon  for  deter:  lining  the  notion  of  a  •  tovinj  f2ui>  by 
use  of  a  hot-wire  anemometer  was  developed: 

i2Rv/  -  ( Tv;  -  Ta)(A  +  B'l^u  )  =  C(dTr;/dt)  (6) 

The  apnlication  of  this  expression  to  the  study  of 
repeated  plane  shock  waves  presents  a  unique  problem,  The 
rapid  succession  of  compression  and  rarefactions  at  a  fixed 
point  in  the  tube  creates  periodic  changes  in  pressure, 
density,  velocity^  and  temperature  of  the  fluid  medium.  At 
"large"  distances  from  the  wall,  the  nature  of  the  velocity 
is  assumed  to  consist  of  an  alternating(  flow  which  is  in 
phase  with  the  pressure  changes,,  and  some  induced  steady 
secondary  motion  (acoustic  streaming)  as  a  result  of  viscou 
forces.  This  complex  flow  field  may  be  further  complicated 
by  the  existence  of  turbulence. 

The  inability  of  the  hot-wire  to  follow  rapid  velocity 
changes  is  reflected  in  equation  (6)  by  the  existence  of 
the  term  on  the  right.  Some  means  must  be  devised  to 
determine  this  response,  or  to  operate  under  a  set  of 
conditions  in  which  the  output  intelligence  of  the  wire- 
can  essentially  reduce  this  term  to  zero.  The  empirical 
coefficients,  A  &  B  are  temperature  sensitive  and  their 
values  must  be  determined  over  the  expected  temperature 
range  (Tw  -  Ta).  Therefore,  all  terms  in  equation  (6) 
are  variable  except  the  current  " i"  which  is  a  controlled 


an  is.  Main '-a*- re  cor.  banc  b\  tiio  current  control 
section  of  the  hot -wire  memo  ae  ter .  The  conversion  of 
equation  (6)  to  a  noro  useful  form  is  desirable: 

Vv;  =  (Tv/  -  Ta )  ( A  +  )/i  -  (C/i)(dTv;/dt)  (7) 

where : 

Vw  =  ^w 

V..  in  actuality  is  the  useful  output  of  the  hot-wire 
anemometer.  The  above  expression,  although  valid  for  any 
fluid,  is  applied  in  this  experiment  to  air  at  near 
standard  conditions. 
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.  '  c  y  e3  o  ui  ex.  s . 

ilt-liou  ;u,  l  ctly  speak  _n0,  ho  re  Li  ns1, 
between  ibemodyna  iic  variables  Cur  in  ;  the  oassa  ;©  of  a 
shock  front  are  described  by  the  Rankine-nuyoniot 
equations,  for  the  pressure  swings  in  this  experiment  the 
relations  are  consi  ereci  to  be  e  sentially  reversible 
adiabatic,  where: 

/?  (Fj/P0)  (6) 

T1  =  Vpo/pl^  '91 

and 

/%  -  density  of  air  at  absolute  pressure  . 0 

/°f  -  density  of  air  at  absolute  pressure  P-j 

T  =  temperature  of  air  at  absolute 
pressure  Pc 

T]_  -  temperature  of  air  at  absolute 
pressure  P]_ 

t  -  l.Jp  for  air 

To  consider  the  concurrent  density,  velocity,  and 
ternpe  ture  variations,  a  typical  value  of  (P^  -  P  )  i;: 
assumed  to  be  one- tenth  atmosphere. 

Variations  in  /O  are  computed  to  be  approximately 
equal  to  ±  lap  and  therefore,  for  the  ran  ;es  which  are 
considered  in  this  experiment,  will  be  considoroc 

constant . 

Defining  B  -  B ' 

Equation  (6)  now  beco.ies: 

i2Rw  =  (Tv/  -  Ta)lA  +  3  Vu"  )  -  C(dTT/dt;  (10 ) 
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•iur.  t i on  ( 7 )  nov;  bee  one  s : 

•rv;  =  ( ~'\~T  -  TaHA  4  vrr  )/i  -  (c/iUdrA,r/o.t)  (ii j 
Xir5.n; •  shod:  oassaye,  variations  In  temperature  . 0 
are  approximately  ±  9°C»  ' :he  fir 5. (5  velocity  du  iny  the 

shoo1:  pas ca  c  varies  from  a  positive  maxi  tu  of 
approximately  2l\.  n/sec  through  zero  to  a  negative  maximum 
of  approxi  lately  2k  m/sec. 
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i  •  .  ^  O  . .  1  1  „  c  ..  u  V  ■  1  . 

In  order  to  detemine  the  of ;  ?.t  a?  :  p  s  ocl: 
to  r;-3r  .  au’e  or  in  ;  upon  \  ;y  the  hot -..Ire  ol, 
into  an  ovoc.  nto  to  ..iperature  of  the  a  In  ifuin  tho  oven, 
•a>  vas  Ioju  ht  iorn  to  below  its  expected  range  bp  filling 
the  oven  with  dry  ice.  The  hot -nine  probe  and  thermo  icter 
were  protected  fvon  convection  currents.  The  dry  ice  was 
removed  and  the  inside  of  the  oven  was  allowed  to  gradually 
heat  up  over  the  entire  ranje  of  Ta  during  the  shock  wave 
passage*  Under  these  conditions  equation  (10)  becomes 
wo  lif ie d  by  setting  !,u!t  o  ual  to  zero,  and  C ( d?w/  t) 
approxi  lately  e  g.ial  to  zero. 


where : 


md 


i2Rv;  =  (T,7  -  Ta)  t 


RV;  =  R0(l  +  nTry) 


(12) 


R0  =  the  measured  resistance  of  the  wire 

n  +•  r 

°‘-=  the  te..ioerature  coefficient  of 
resistance  of  the  wire. 

Values  of  Rv;  were  read  directly  fro  a  the  resist  vice 
bridge.  Tig.  3  shows  values  of  t7  clotted  against  (T,7  -  Ta) 
for*  various  hot-wire  probes  at  specified  wire  currents, 
whereas  Tig*  is  a  plot  of  Rv  plotted  against  (Tv;  -  Tn ) 
for  a  specified  hot-wire  probe  at  various  wire  currents. 

Tip.  5>  shows  values  of  A  plotted  against  ( Tv;  -  Ta).  .ith 
these  known  values  of  A  over  the  expected  ran  ;e  of  (Tv  -  Ta), 
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-  r  '  1 

^  a  co  i,  .  ,  \  ■.  io’i.  I  .  loci  ox  Is.  v  la  i;,xix> 

flow. 

'or  r.si-suau:.c:r.ii7  com.it  to  is,  C  (  aTv;/.  t )  is  assu  led 
approxi  lately  c -ual  to  zero  and  o  ration.  (10)  non 


becoios : 


o 


X  AV; 


( Tv;  -  Ta)(A  +  3  Vu  ) 


(13) 


dro'  i  tliis  expression., 
known  values  of  "u" » 
leans  of  a  oitot  tube 
plotted  against  (Tv;  - 


values  of  2>  can  be  de t.  nr. -lined  fro.i 
The  veloci  ty  :'uM  nas  deter.. lino  I  by 
nd  a  xiicronano  letor.  Values  of  b 
Tn )  arc  shown  in  Tig.  6« 
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o  , 


iv  h.  orotic;  1  -dialysis  of  die  0 o; : 
lar  l;hG  Jon  to:.-*  .->f  the  Tube, 


’X  ’lovj 


■lol 

duo  filial  ■  1  i  'lx  ill cation  of  equation  (10)  requires 
cons',  o nation  of  o’io  conditions  \;hich  justify  cl:  ’inati^n 
of  the  last  ton  #  Jhe  asm  rotion  will  be  ,iac  .  that  the 
velocity  is  in  phase  with  the  pressure  swiny  of  the  shock 
wave  on  the  axis  of  the  tube.  -J.thouyh  equation  (11)  shows 
that  Vv;  is  not  a  linear  function  of  u,  in  order  to  si  vilify 
the  -raphs,  linearity  will  be  assumed  for  the  discussion  in 
this  section.  The  effect  of  the  actual  relationship 
between  Vv;  and  u  woul-'  be  to  introduce  harmonic  distortion 
and  will  be  discussed  in  Section  9*  Fly*  7a  shows  a  plot 
of  ores sure  ayainst  time  for  a  repeated  plane  shock  wave 
oassiny  a  fixed  ooint.  •*  Courier  analysis  of  this  saw- 
tootla  waveform  shows  that  such  a  wave  is  composed  of  a 
fundamental  and  an  infinite  nuiber  of  harmonics  of  amplitude 
inversely  proportional  to  tho  number  of  the  harmonic.  7i  . 


7b  shows  the  assu  .ied  alternating  velocity  flow  at  a  fixed, 
point  at  the  center  of  the  tube  as  a  result  of  pressure 
variations  and  in  tho  absence  of  any  acoustic  streaminy. 

The  response  of  a  hot-wire  anemone tor  is  independent  of  the 
direction  of  flow.  r"'he  theoretical  response  of  a  hot-wire 
anemometer,  which  is  capable  of  closely  followinj  these 
variations  mid  pro  due  in.  a  voltaye  V,v  in  phase  with  the 
velocity  is  plotted  in  Tip.  I c.  (actually,  .'i.  .  7c  it 
applicable  to  both  V- ;  ■  nd  |u|.  ) 
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Particular  attention 


■'  ■  n  those 


cc..,j'..a  •  (  a. 


value  for  a  choc!:  of  tbir  strength  boin  of  the  or* e’er-  of 
q  i 

seco nds  .  within  this  period,  of  tine,  both  arcs  "lire 

and  velocity  change  fron  peak  positive  values  to  peal: 

2 

negative  values. 

It  is  interesting  to  note*  Fig.  7c,  that  on  a 
theoretical  bo  sis,  because  of  the  full  wave  rectifying 
action  of  the  wire,  the  second  harmonic  of  the  shock  wave 
is  the  lowest  contained  frequency  in  the  voltage  response 
■produced  by  the  hot-wire.  This  is  shown  in  the  above 
diagram.  Two  possible  exceptions  in  which  the  hot-wire 
anemometer  will  produce  a  voltage  of  the  sa  :ie  frog  ency 
os  the  frequency  of  the  velocit  fluctuations  are 
illustrated,  in  "figures  7 d  and  7a* 


XL.  Talbot  and  F.  3. 
..aves  In  a  honatonic  Gas, 
January  19  99* 


3hei*nan,  Structure  of  leak  Shod 
1TASA  k'emo  12-li ;-£8./,  p;o  1;Q, 


^Provisions  are  mad  in  hot-wire  anemometer  amplifier 
to  electronically  adjust  (compensate)  for  the  anc m  eter1 
inability  to  follow  the  high  fre  aiency  components  that  ex 
in  discontinuous  step  functions.  However,  the  amount  of 
compensation  to  be  used  is  based  on  the  existence  of  some 
steady  state  flow  prior  to,  and  after  the  discontinuity. 
These  conditions  are  not  present  for  a  sawtooth  wave, 
further  ‘ore,  hot-wire  aneno  leter  time  constant  adjustments 
w’-lch  per  it  the  high  frequency  co  orients  to  be  ;ore 
efficiently  represented,  cause  a  relative  decrease  In  the 
low  frequency  response,  which  Is  dependent  on  the  .  can  flow 
conditions . 
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H*  Cl 


9 


U 


to  alternating 


orent  v  ]/ 


ir ('  due  '.o  the 


,o  o’1.?.  O'.  h  i 


I 


n  r 


c 


ecov.se 


o'*o  is  a  cneral  i" >ur  <w‘  ng  off  "ro. \  Iho 


sever  reerr  use  illustrated  in 


7c.  rhem  ir;  a  all  .lit 


the  funca-  cental  frequency  of  the  shock  rave . 

Pi;;,  lo  shows  a  linear  theoretical  response  o:°  a 


on  acoustic  stroamin  ;  of  a  larger  abscl  .to  value  th*  n  the 
alternating  component.  A  pain  the  anemone  ter  would  produce 
a  signal  containing  the  fundamental  frequency. 

Recognising  that  DC  flov;,  with  an  expected  magnitude 


equal  to  0 . 5>Ij  u -/c0  C9D  >  could  affect  the  fundamental 
frequency,  attempts  were  mad'  to  physically  separate  the 


material  which  was  thin  and  pliable  enough  to  transmit  the 
iscontinuous  pressure  >ulse,  nd  to  restrict  the  length 
of  the  isolated,  section  between  diaphrag ms  to  prevent 
regeneration  of  induced  acoustic  streaming. 

In  general,  this  e;;pe:  iment  failed  to  produce  its 
objective  because  no  suitable  diaphragm  .material  was  found 
that  was  strong  enou  ;li  to  withstand  the  shock  passa  :e  and 
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,rC 


p ...  ) 


-  > 


a  VI  unVoicc  sh\> cm  •.  \e.  Peoprene 
o'T  -cl  hth  i  ch  thick  wove  u  V-  i  ,  .lost  urnbl 


aiorlal,  •.  Ithstarwh wg  the  vibrati .  nal  abuse  up  to  periods 
o:?  ap '-rcxinatoly  five  minutes J  however,  its  attenuating 
effect  on  the  pressure  pulse  v;as  too  great.  Plastic  .f  lap 
and  latex  rubber  of  various  thicknesses  i  .  .lediately  b*.  rst 
upon  Impact  of  the  pressure  pulse.  -he  most  satisfactory 
material  was  cental  rubber  (rubber  dan)  which  permitted 
op  --rutin  periods  of  approximately  one  minute,  In  spite 


of  this,  due  to  the  fact  that  there  was  not  sufficient 
distance  in  the  section  for  build  up,  the  characteristic 
sawtooth  waveform  was  not  suite  achieved. 


The  isolation  of  the  alternating  flow  fro  a  the 
acoustic  stroa  :in  :  is  probably  impossible  with  any  materials 
available  at  this  tine. 


TTot  being  ablo  to  control  the  nature  of  the  flow  in 
the  tube,  tho  only  alternative  was  to  analyze  it.  Piguros 
8a,  8b,  and  Gc  are  oscillotrons  of  uncomrencated  hot-wire 
ane.no  inter  response  to  pother  with  tho  voltage  response  of 
the  barium  ti tana to  transducer  (these  are  dual  trace 
oscilloscope  photographs,  the  loner  trace  represontin  the 
alternating  pressure  of  the  shock  wave. )  The  resemblance 
of  W .  8  to  Pig.  7d  verifies  the  existence  of  the 
fundamental  frequency  in  the  response  of  the  hot-wire 
anemometer  and  vividly  noints  out  the  anemometer's 
inability  to  detect  the  events  oc curing  during  the  time 
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1 


c 


c 


■  1 


*  1  -  -• 


f  r  vic-.l  li.  sai  res  >  -  of  t  c 
aot-wi  rv  rr  -y  oc  :  tic  s'.nca  .1  of  -Ilf.-  o 

ono-l'^i’-*  that  o"  if'  first  harmonic.  This  r.ca  .oc 
stros  .in  ;  is  crobably  a  maxi  .turn  value,  (  cost  it  is 

four  to  five  ft  ion  tie  actual  value)  but  its  usn0c  points 
out  oho  uaxirun  effect  tl  at  strea.iin_,  could  have . 
tie  erf  of  the  uo  a:;  .ion  cube  wa s  pluyned,  the  p-urcb  le 
of  continuity  demands  that  an  equal  and.  opposite  flow  tahe: 
il'ce  cc  ie who i1  c  in  the  cross-section  of  tic  tube,  inalyt- 
" cally,  J/O  udA  =  0. 

fiy,  7y  is  a  theoretical  linear  response  of  the 
hot-wire  .  neronetor  for  acoustic  ctror  iny,  e-ual  to  that 
in  "i  7f  in  n.a  nitude,  but  opposite  in  direction, 

'■hi "‘ur e s  7h  and  7i  are  esti  tes  of  what  the  actual 
unco  ensated,  jot  linear,  hot-wire  anemometer  response 
i th  blue  lay  —ould  bo  for  the  situations  described  in 
•  i  pares  7f  and  7.7  respectively. 

..hat  is  of  fund  a  ler  tal  i  >or  tanc o  hero  is  that  if 
wel?  defined  acoustic  stron  ulnj  of  a  si  nificant  a  count 
exists,  it  nay  be  detected  by  the  followin';  criteria: 

a.  if  the  na  nitude  of  the  acoustic  streaming  is 
ir.si ynif leant,  hh-  n  the  characteristic  response  of  the 
hot-  ‘  e  ane.uo  ict  r  contains  the  fundamental  fre'nerc  •  of 
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Figure  7 
30 


b.  600  cps. 

3  psi. 


C.  C'93’  cps. 

3  pci. 


Typical  Hot-.iiro  Anemometer 
anc  Barium  Titanate  Transducer 
Response  Oscillograms 

Figure  8 
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for  i 


a  r.o  hase 


t'  i  C-1  v/r.vo.  1 : o  wave 


;c<f  °s 

1 

o 

r~j 

o 

1.P 

wire  ane  o  .e< 

u\v  robe 

l  -’0  . 

:  IVX  'lid. 

tude  of 

the  acoustic 

stroa. .ing  is 

1  ccc  t 

han  the 

maynituco  of 

the  alternating 

c  ' a v?  o  i c  (.Cue c t c c 
tmvcvr.cs  tin  tube, 
b.  if  1 


velocity,  the  characteristic  roc  once  o  the  hot-wire 
ane  so  leter  contains  the  fundamental  frequency  of  the  shoch 
wave,  the  wave  is  asy.i  to  trie  al  ane  a  phase  change  will  be 
detected  as  the  probe  traverses  across  the  tube. 

I'roceeding  on  the  above  assumed  criteria  fer 
determinin';  the  relative  amount  of  acoustic  streaming  in 
the  prooa  at  ion  tube,  the  hot-wire  aneno  leter  was  _oved 
across  the  tube.  'o  detectable  phase  changes  were  noted. 
Further  ore,  the  typical  response  curves  for  the  hot-wire 
aneno net  r,  as  shown  in  F i  g.  b,  show  aln.ost  perfect 
symmetry  oxcent  for  a  noticeable  concave  distortion  in 
the  trailing  edge  of  the  response  wave.  On  the  basis  of 
this  evidence  the  following  assumptions  are  made: 

a.  The  ratio  of  the  magnitude  of  caustic  streaming 


to  alternating  velocity  is  negligible* 

b.  The  inability  of  the  hot-wire  an  o  leter  to 
respond  to  the  high  frequency  components  of  the  sawtooth 


wav  for  hinders  its  utilisation  for 


oe  te  mining 


.b  so  lute 


velocity. 

c.  The  existence  of  the  fundamental  frequency  in 
the  ou tout  of  the  hot-wire  ane  .ometor  .provides  a  means  of 
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•  **7 


liC  X. 


a..  al  ri  >. 


c  .■  1  ■  o 


rifle  :.'v  ^  •  r  i  vL .’.on  . ,  1  mediately  above, 

vras  win  vc.  by  obacrvin  ;  c".  are t to  c  -.olio  threw ;b  t?  o 
plcxi  -lass  sections.  This  qualitative  expert  ont  showe d 
no  noticeable  acoustic  streaming,  however,  Ion*  fro  yiency 
t.’rbulonce  wa:  observed. 


.  criterion  for  the  existence  of  turbulence  in  10 
flov:  is  given  by  the  following  expression  GO: 


■“crit 

-  (uc /xr  )  c px t  =  ^00 

(llj.) 

’here : 

hr  it 

=  lower  limit  of  Reynold's  number  for  a  ipe, 
below  which  the  flow'  does  not  become 
turbulent . 

u 

-  the  mean  velocity  averaged  over 
sectional  area  of  the  wipe. 

the  cross 

d 

-  effective  diameter  of  the  pipe. 

IT 

-  kinematic  viscosity. . 

Substituting  the  following  values  in  equation  (lq): 

?-crit  =  2300 
d  =  0»05  :  ic tens 
^  -  Ip. 30  z  10"°  moters^/sec 

ho  resulting  evaluation  for  u  indicates  that  turbulent 
flov;  will  result  for  u  ^  0,72  meters/sec.  To  provide  a 
co.  arison  between  this  value  of  acoustic  streaming  with 
the  weak  alternating  velocities,  it  is  necessary  to 
evaluate  the  Rankinc-h  oniot  relationship  for  particle 
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ve  loc. 


(2,  t  -  1  i 

(  r  -  i)(it7^)  ^  (  *r  -  i ) 


(15) 


a--  -  anblcnb  one  'a  oi  sown- 

X  ~  tko  ratio  of  a  >ecific  .e  t~  .“or  air 

-  a  ibiont  pressure 

-  "res sure  after  shock  as  so.  ;e 

J 

>ub  stl  tut  Ln  the  fol  .o..in  values  in  equation  (1  3: 
av  -  3r0  net or s/sec 

U  i. 

X  =  l,!i.  for  air 

Py/P3;  =  1.1 

■_n  evaluation  for  u~,  indicates  that  oeak  velocities  of 
i!'.  rioters /sec  are  to  be  expected.  fron  these  calculations 
and  the  observations  of  saoke  particle  behavior  and  rave 
shape  stability,  it  is  assu  led  that  the  ratio  of  acoustic 
streaming  to  alternating  velocity  is  neplipible . 

issu.  .notion  b.  ibovc,  ayain  points  out  that  unloss 
co.ne  further  .leans  is  d  vised  for  analyzing  tho  hot-wire 
o.nerio  Meter  output,  the  puanblty  C(drnv;/dt)  is  an 
undete  lined  a  u  ant  it;,  . 

‘ Assumption  c.  above  offers  such  a  loans  for  analysis, 
jure  (7)  is  a  plot  of’  frequency  response  vs.  ^repuoncy 
-"or  the  hot-v;iro  ane  ;o  lots'-  orobe  utilized  for  this 
experiment.  It  indicates  tlv  b  frequency  response  is  ood 
over  the  indicated  ra  n  of  300  to  /0J  cps,  which  is  the 
•-ii  e  of  the  fund. -..I'-  .ltaX  frequency  o  the  shock  wave.  The 


'v  '  '  X  -I!  fcn  •  <  x  ^ (  u"  i'  h.  OX  rot; 

■n-  *  n  ■: 

=  ( 2P^/7f  ;  ( s.'/icj  t  -  jVs inn co  0  +  §-,jin3iut  - 
Arsin’; co  t  •  •  •  +  -^cinnujo ) 

"ron  this  expression  it  can  bo  soon  that  the  fun< 

frequency  contributes  2/11  to  the  peak  value. 

Hot -wire  anei.io  icter  fllnnents  are  available 

easily  follow  frequencies  oC  the  order  of  300  to 

Electronic  filtering  of  the  hot-wire  output  will 

only  the  fundamental  to  contribute  to  a  siqnal  v;i 

displayed  on  an  r  us  volt  is  tor  could  be  related  tc 

value  by  the  following  expression: 

Vn r. air  “  ^  ^  v  ms/ ^ 

Under  these  conditions,  where  the  fila.i  nt 
is  capable  of  folio  , in  •  the  fundamental,  C (  dT. ./ dt 
considered  approximately  equal  to  zero  and  cquati 
may  therefore  be  simplified  to  equation  (13). 
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Pun  da.  cental  Frequency  Response  of  Hot-Wire  Anemometer 

Figure  9 
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•  . l .’i o  — r  jOi*.  c  .l  o  l  i  s  i/O  .  i  ..  r  —  l.  .  1 1  l1  .  in.u  1  (  j_  s 

•-n.l5.tr." -’.v a  c  tad.  .lone  s  of  '  i>  ■  -reviour  sect 5. on 
wor  )•  ied  on  bar  ar.su  .'otlon  of  a  1  Inoar  carve  for  Vw 
vc.  u.  or  actual  wire  reevnse,  the  behavior  Is  far 
.ore  co  rdicated.  Usin  ,  equation  (12): 

7,r  =  (I\7  -  Ta)(A  t  B  fT)/i  (12) 

an<'  utilizin';  values  of  ^  and  B  for  a  chosen  (?v/  -  Ta) 

Of  i65°c. 


w  -  Ta) 

(10“'  watts/°C ) 

B  ( ICkwact 

°C  .ie  te 

1^6 

3.76 

0.07 

i65 

3.60 

0.93 

I7i|- 

3 .  [>.2 

O.99 

a  ;raph  of  equation  (12)  is  plotted  as  fig.  10.  The  wire 
current  was  m  inta.’.ned  at  175  '-ia  an  R0  was  2.272  olxis. 

.m  inner  and  a  lower  limit  of  ( I\v  -  Ta )  i  s  induce  v.1  a  g  u. 
result  of  the  reversible  adiabatic  chanjcs  in  Ta  of  C)°G 
fro  i  the  ambient  temperature. 

The  wave  fori  of  ?iy.  7c  is  assumed  and  a  ;ranhical 
*' characteristics11  method  is  used  to  pr  diet  the  out  >ub . 
for  a  constant  (?v,  -  Ta),  the  non-linear  effect  would 
change  the  waveshape  but  would  not  chance  the  symmetry. 
However,  sine  -  (Tv;  -  Ta)  is  not  a  constant  durin; ,  shock 
passage,  it  is  incorrect  to  utilise  one  curve  of  fine's 
'aw  for  the  non-linearity  corrections  durin, j  the  on  if  re 
velocity  c^rcle. 
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more  else,  but  ttill  a  ro;:'  e,  icor.ocl  wall  0 
L'.  I: a  uirilizo  the  .1  1c  curve  (ambient  temperature)  for 
the  velocities  near  zero,  the  upper  curve  (arable  it  minus 
9°C )  for  the  peal:  velocities  corresponding  to  the 
rarefaction  ^art  of  the  cycle,  ano  the  lower  curve  (ambieat 
plus  9°C )  corresponding  to  velocities  Curing  the  compression 
part  of  the  cycle,  with  intersolution  for  intermediate 
values.  This  method  introduces  asymmetry  into  the 
resulting  waveform  which  is  a  result  of  the  nine  trails- 
alt ting  a  continuous  representation  of  the  discontinuous 
tenrerature  chan  e  at  t0  and  illustrated  by  the  dotted 
line  in  Pig.  10.  This  appears  to  account  for  the  concave 
appearance  of  the  typical  oscillo  ;ra:is  shorn  in  Pig.  8. 
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ITon-Linear  Correction  Curve  Tor  a  ( Ty; 


Ta)  of  l(yj°0 


7  figure  10 
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the  ■  >oo si’olo  ap  -Her  Hon  of  l>ot-Y.*lr  ano  .o  .ctry  bo  bhe 

ecu  V  of  particle  velocities  in  reseated  piano  shoe!-:  waves 

has  boon  1:1  lited  to  the  condition;',  that  exist  near  the 

center  of  the  tube.  .he  final  phase  of  this  study  was  to 

deter  line  the  effect  of  the  tube  wall  on  velocity. 

Figures  11,  12, ”  and  13  show  how  the  ran;  vo'.tajc  o'"  the 

liar, ionic  co-  r^onentc  varies  with  distance  from  the  babe 

wall.  They  are  plotted  in  the  di  ions ionless  units 
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(  w/  -  cc  )  VK*  "^2.  >  w.ioro : 


OC 


-nr 

fj 


tho 

r  is 

vol 

ta  qo 

at  'the 

the 

tube 

the 

r  is 

vol 

tape 

at  a  11 

the 

wall 

of 

tho 

tube. 

7Z  -  y  /  2  XT 


and 


=  distance  fro  a  wall  of  tube 


=  frequency 
3^  =  kinematic  viscosity 

.  'ashed  line,  suporl noosed  on  the  above  montiono  curves 
shows  the  shear  profile  as  determined  by  lichar  'son  (3). 

Turing  tho  exoeri  icnt,  electronic  filtering  was  used 
so  that  the  fundamental  frequency  was  the  primary  source 
of  information.  Under  the  assumption  of  the  rec  eding 
do velo- ament,  this  is  considered,  to  be  the  most  reliable 
source  or  inf  or  ration.  Those  plots  show  that  near  the 
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mci’eri  j 


c.u  e  'ci 


o' '-■■Vo  ?cc  vrv\  cos  ;ury  .  ,n\t  'ir 

location  with  civ.nyes  in  frouic^c;  .  ITo  ox.  \  ’naMon  is 
offeree"  at  this  time  for  the  occurence  of  this  phenomenon, 
figure  13  shows  in  addition  to  the  fundamental  frequency 
of  COO  cps,  the  results  of  electronically  filtering  out 
all  but  the  second  harmonic  of  l600  cps.  The  fact  that 
the  velocities  of  these  tv/o  frequencies  are  maximized  at 
the  sane  distances  from  the  tube  wall  may  indicate  that 
the  shock  wave  structure  is  unchanged  at  close  proximity 
to  the  wall. 


III. 


11 


tone In  cl' a 


”n 5  s  o::pc ri  ion':-  hu;:  revealed  a  consi  o.  able  .  ouni 
of  infer  :at  *  -  n  corce ’ni'hg  the  nature  of  the  co  i  hex  i  ion 
fie?.'"  associated  with,  the  passa  _;e  of  repeated  piano  choc 
waves  in  a  shoe’:  tube ,  particularly  near  tile  wall  of  the 
tube.  Acoustic  streaming  is  present,  but  aoparently  is 
turbulent  rather  than  la  linar. 

The  effect  of  streaming  upon  the  far  greater  alter- 
nating  velocities  appears  negligible,  and  may  be  ne,  lec 
for  the  uv^oses  of  future  study  of  this  phenomenon  by 
hot-wire  anei.io  ;.c try . 

a 1 thou -;h  the  hot-wire  anemometer  is  not  capable  of 
following  the  high  frequency  components  of  the  sawtooth 
wave,  a  quantitative  knowledge  of  peak  alternating 
velocities  may  be  arrived  at  by  measurements  of  the 


fundamental  frequency,  and  the 
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tb  lack  of  fir.  free  'nc;  control  and  stab ILisat ion  of 
the  oboe":  wave  •coctihion  rate.  t  was  observed  tlia L 
frequency  chan  ;eo  In  th  or-  er  of  1  caused  variati  ns 
in  shoe!"  stron  th  as  gi’eat  as  2^-. 

It  is  folt  that  possibly  cue  to  variations  of  the 
power  input  to  the  com grossor,  that  the  compressor  output 
is  not  constant,  but  rather  varies  from  the  set  output 
pressure  by  ±0.1  psi.  this  in  turn  would  cause  a 
varying  force  on  the  chopper,  thus  varying  its  speech 
Correction  of  this  difgiculty  could  load  to  the 
determination  of  whether  or  not  the  voltage  input  to  the 
c -100*1  or  motor  is  steady  enough  to  cause  it  to  maintain  a 
definite  rpm  for  a  given  compressor  output  pressure, 
stabilization  of  compressor  output  g>r- assure  and  chopper 
speed  is  an  extremely  i  ortant  requirement  for  regulating 
the  shock  wave  frequency. 

Experimentation  was  conducted  mainly  with  a  probe 
filament  of  O.OOOlj-97  inch  in  diameter;  a  reduction  in  wire 
diameter  lioweve*  ,  woul  ’  allow  for  greater  frequency 
response.  It  was  noted  that  Tv;'s  above  200°C  could  cause 
a  localized  melting  of  the  solder  holding;  the  fila  sent  on 
the  m-obe  tips;  t’  is  in  turn  caused  a  change  in  the 
effective  length  of  the  filament,  and  thus  in  the  resi stone 
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i7  ie  related  n 


i:v. 


iv  a 


o  1 


t;  =  :o(1  + 

so  Inversely  proportional  to  the 


(lb) 


cross -sectional  area  of  the  wire,  any  reduction  in  the 


l 


r  of  the  robe  filament  v;ill  car. so  an  increase  : 
Till  Ml  not  onl;  ilni  iso  th.o  effect  of  the 


variance  in  h’o.  but  rill  Moo  oivc  i  rsove  '  frcnenc" 

<.  7 

res  -or se.  ..f  no  cr.rrent  is  'Mace  '  acres,’,  th.o  •"•robe 


i  -i 


except  uncer  raose  c  nevcr.ons  o  p. on  t.uc  *c  x  a 
C.-ov:  across  the  probe,  it  is  felt  that  a  file,  lent  with  a 
i  site  tor  of  0.0001  inch  va  uld  jive  noro  favor,  bio  results. 
In  addition,  Pi. pares  5  an*  6  reveal  that  ..  decreases 
as  ( -  V  )  increases,  .horoas,  3  increases  as  (M  -  fa) 
increases  beyond  (1\7  -  i’a)  of  approximia tely  100°C.  At 
hijhor  temperatures,  of  say  the  order  of  { l\.r  -  Ta)  equal 
to  300°C,  it  can  be  scon  that  ..  becomes  extrorely  small, 
an'’  3,  “tie  increasin'  ver;  slowly,  is  far  greater  than 
i.  .is  thus  extremely  small  as  co  reared  to  3  'jfu^  and 
can  thus  be  neglected.  Jurinj  shock  passa  c  at  high 
v  Mu  s  of  (  h •  -  i'a ) ,  in  suite  of  the  reversible  adiabatic 
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V  ~  _  / 


JO 


i~  J  =  (  '  .  -  Ta)  ,,'V  09' 

hus,  not  onl;-  will  ucin  ;  higher  values  of  (  i’,r  -  TP  ) 
ito  the  off -ob  or  rover;  ibi.  adiabatic  chan  *c  In  1,,, 
1?.  also  c  vuso  a "  '  1 1 tonal  si  iplificatiou  o  '  the  basic 
on.  %1or  thes  '  r  aeons,  it  Is  hi  ;hl;/  roco  mended  tlia 
wire  li  Ti  tat  ions,  the  hi  host  no  ;sible  ran^e  of 
?„)  be  used  in  future  research. 
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